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ABSTRACT
RecA family proteins are responsible for homology
search and strand exchange. In bacteria, homology
search begins after RecA binds an initiating single-
stranded DNA (ssDNA) in the primary DNA-binding
site, forming the presynaptic filament. Once the fila-
ment is formed, it interrogates double-stranded DNA
(dsDNA). During the interrogation, bases in the ds-
DNA attempt to form Watson–Crick bonds with the
corresponding bases in the initiating strand. Mis-
match dependent instability in the base pairing in the
heteroduplex strand exchange product could provide
stringent recognition; however, we present experi-
mental and theoretical results suggesting that the
heteroduplex stability is insensitive to mismatches.
We also present data suggesting that an initial ho-
mology test of 8 contiguous bases rejects most inter-
actions containing more than 1/8 mismatches with-
out forming a detectable 20 bp product. We propose
that, in vivo, the sparsity of accidental sequence
matches allows an initial 8 bp test to rapidly reject
almost all non-homologous sequences. We specu-
late that once the initial test is passed, the mismatch
insensitive binding in the heteroduplex allows short
mismatched regions to be incorporated in otherwise
homologous strand exchange products even though
sequences with less homology are eventually re-
jected.
INTRODUCTION
RecA family proteins play important roles in DNA recom-
bination and repair. The proteins include RecA itself, which
promotes strand exchange in bacteria, as well as Rad51,
which promotes strand exchange in eukaryotes. At the be-
ginning of a repair or recombination process, a region of
single-strandedDNA (ssDNA) is formed at aDNAdouble-
strand break. The single-stranded region, referred to as the
initiating strand, is covered by a recombinase protein form-
ing a helical filament with 6 RecAmolecules per helical turn
(1). This filament searches a genome for sequence homology
by rapidly binding and unbinding double-stranded DNA
(dsDNA) until homology is found. If the dsDNA is homol-
ogous, the two strands in the dsDNA are known as the out-
going and complementary strands. The initial binding of
dsDNA to the recombinase-ssDNA filament is homology
independent (2). The binding does not become homology
dependent until homology testing begins. Thus, early bind-
ing stages will be the same regardless of whether or not the
dsDNA is homologous to the ssDNA.
It is believed that during homology testing, the dsDNA
binds to the secondary binding site in RecA (3–10). After
that binding has occurred, the bases in the complementary
strand flip out of the duplex allowing homology to be tested
(11). If the sequence of the complementary strand is homol-
ogous to the sequence of the initiating strand, base flipping
allows the complementary strand to form Watson–Crick
bonds with the initiating strand. This transfer of base pair-
ing yields heteroduplex dsDNA bound to the primary bind-
ing site (site I) (12), which leaves the bases in the outgoing
strand unpaired and bound to the secondary binding site
(site II) (4).
The crystallographic structure of the dsDNA bound to
site I, referred to as the RecA-heteroduplex complex, is well
known (12). It consists of extended and untwisted dsDNA
that is divided into nearly B-form base pair triplets sepa-
rated by large rises (12). It has been proposed that heterodu-
plex formation depends strongly on base pairing in the het-
eroduplex. The proposal arose because the crystal struc-
ture of the RecA-heteroduplex complex indicated very lit-
tle favorable interaction between the complementary strand
backbone and the protein. The lack of interaction seemed
to imply that Watson–Crick pairing dominates the binding
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of the complementary strand to the filament (12). If the sta-
bility of the complementary strand binding to the filament
were dominated by the base pairing in the heteroduplex,
then homology recognition could be directly governed by
the stability of the binding of the bases in the heteroduplex.
In this work, we present experimental and theoretical
studies of the mismatch-dependent instability of base pair-
ing in the RecA-heteroduplex complex when it is formed
by adding free ssDNA to a solution containing previ-
ously formed presynaptic filaments. We then compare those
results to the mismatch-dependent instability of dsDNA
formed by protein free annealing of ssDNA as well as the
mismatch dependence of the strand exchange reaction. We
find that the base pairing in the RecA-heteroduplex com-
plex in site I is stronger and less sensitive to the presence of
mismatches than the base pairing in B-form dsDNA. Fur-
thermore, the formation of stable strand exchange products
can be more stringent than the base pairing in the RecA-
heteroduplex complex. We also show that 20-nt sequences
containing 5–14 randomly spaced matched bases do not
form detectable strand exchange products. This observa-
tion is important because the average number of acciden-
tal matches in an interaction between two randomly chosen
20 nt sequences in a bacterial genome is 20/4 = 5, and the
probability that such an interaction contains more than 14
accidental matches is< 3×10−5. Thus, experimental results
presented in this work indicate that the vast majority of 20-
nt tests that would occur in vivo would not result in the for-
mation of a detectable strand exchange product, suggesting
that those interactions are very rapidly rejected. Such swift
rejection of almost all interactions in vivo could allowRecA-
mediated homology recognition to rapidly search a bacte-
rial genome even if some rare sequences required longer to
resolve (13). Indeed, our experimental results also show that
20-base long oligonucleotides containing 16 or more ho-
mologous bases can form 20-bp strand exchange products
that are readily detected; however, strand exchange prod-
ucts containing mismatches reverse strand exchange and
unbind from the filament significantly more rapidly than
homologous strand exchange products. These results com-
bined with earlier theoretical work (13,14) suggest that, in
vivo, a kinetic recognition system can promote rapid and
stringent formation of stable strand exchange products that
may include some degree of biologically useful mismatch
tolerance.
MATERIALS AND METHODS
Oligonucleotides were purchased from Integrated DNA
Technologies (IDT). Complete sequences of the oligonu-
cleotides used in this work are shown in Supplementary
Tables S1 and S2. Lambda phage DNA samples used for
single-molecule experiments were prepared by annealing
and ligating biotinylated oligonucleotides.
FRET measurements
FRET experiments for ssDNA binding to the filament were
performed by adding a small aliquot of ssDNA to the fila-
ment solution in a quartz cuvette. For ssDNA annealing, a
small volume of the rhodamine-labeled sequence (Rho c)
was added to each fluorescently labeled sequence. FRET
strand exchange experiments were performed by mixing a
solution containing the unlabeled filament preparation in-
cubated at 37◦C for 10 min in the cuvette with a small
aliquot of labeled dsDNA. The detection of the emission of
the fluorescein label was verified by using 493-nm excitation
during 30 min, and the emission was read at 518 nm. The
integration was 0.5 s and the band width 2 nm. The sample
was kept at all times at 37◦C.
The filament was obtained by mixing each reagent to
yield a final preparation of 6 M in bases of the corre-
sponding oligonucleotide, 2 M of RecA protein (New
England Biolabs), 1 mM ATPS (Sigma-Aldrich), 0.1 M
SSB (single-stranded binding protein Epicentre) and RecA
buffer (70 mM Tris-HCl, 10 mMMgCl2 and 5 mM dithio-
threitol, pH 7.6). Labeled 20-bp dsDNA was prepared
from the annealing of the labeled complementary oligonu-
cleotides by cooling down from 80 to 40◦C with 2◦C steps
equilibrated for 1 min; the emission between 500 and 560
nm was acquired (excitation at 493 nm) at each tempera-
ture step. The final concentration of dsDNA once added to
the filament preparation was 12 M in bases.
The accuracy of the FRET measurements for strand ex-
change was evaluated by performing at least three repeti-
tions for several typical cases such as the complete homol-
ogous sequence, an oligonucleotide with three internal mis-
matches (3i), and another with 15 mismatches (pcDNA3).
In addition, repetitions performed throughout several days
were also analyzed. In the former case the intra-assay ac-
curacy showed a variation between 2 and 4% whereas the
inter-assay variation was 6–8% in all of the cases. Binding
of ssDNA oligonucleotides to filaments (site I) and anneal-
ing experiments were repeated at least twice for all of the
cases yielding a 2% variation.
Single-molecule experiments
In single-molecule experiments, we used 3′3′ and 3′5′-biotin
labeled dsDNA to attach to extravidin molecules adsorbed
on a glass surface and superparamagnetic beads (4.5 m
in diameter, Invitrogen). After an aliquot of dsDNA in
RecA buffer was mixed with RecA (New England Biolabs),
ATPS, and the beads, the resulting sample was placed in
a square micro-cell with cross-section of 0.8 mm contain-
ing a round inner capillary, 0.55 mm in diameter and closed
at its ends. The inner capillary was modified by adsorption
of 1 mg/ml extravidin (Sigma) in PBS (phosphate buffered
saline) pH 7.4 overnight at room temperature. After an ini-
tial incubation of 4 min, the DNA molecules became teth-
ered between the glass capillary surface and the extravidin-
coated beads. The micro-cell was then placed in a magnetic
tweezers apparatus consisting of a stack of permanent mag-
nets held at a variable distance from the sample. The 5–200
pN force on the beads is controlled by the distance between
the magnets and the micro-cell. The position of each bead
is tracked by bead tracking software and recorded as de-
scribed in previous work (15).
B-form electrostatic calculations
The calculation was done by using the APBS package
(16,17). Hydrogen atoms were added to the crystal struc-
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tures using PDB 2PQR (18) and charges and radii were as-
signed according to the CHARMM force field parameters
(19). The calculation was performed at a temperature of 300
K, solute and solvent dielectric constants of 4 and 80, re-
spectively, and ion concentration and exclusion radius of
0.2M and 2.0 A˚, respectively. APBS output including struc-
tures with 3D surface potentials were visualized usingVMD
(20) and PyMol (Schro¨dinger, LLC).
RESULTS
FRET based measurements of the sequence dependence of
binding of ssDNA to the presynaptic filament, annealing of
B-form DNA, and strand exchange.
Binding of ssDNA to the presynaptic filament
In order to test the proposal that homology recognition
originates in the instability of base pairing of mismatched
base pairs in the heteroduplex, we performed Fo¨rster res-
onance energy transfer (FRET) experiments to monitor
the formation of a RecA-heteroduplex without strand ex-
change.
As earlier work showed, dsDNA in the RecA-
heteroduplex complex can be obtained without strand
exchange using either of two methods: (i) direct dsDNA
binding to site I, or (ii) adding complementary ssDNA
to the ssDNA-RecA presynaptic filament in which the
initiating ssDNA strand is bound to site I (12) (Figure
1A). For the FRET experiments we obtained dsDNA in
the RecA-heteroduplex complex by adding free comple-
mentary strand ssDNA to the presynaptic filament. In this
system, if a free ssDNA binds to the initiating strand in
the presynaptic filament, the emission from the fluorescein
donor in the initiating strand will decrease because it is
quenched by the proximity of the rhodamine acceptor
in the complementary strand. Figure 1B shows the mea-
sured fluorescence as a function of time for experiments
performed at 37◦C. The matched strands show practically
complete quenching, indicating that almost all of the
ssDNAmolecules with fully complementary sequence bind
to the presynaptic filament and remain bound most of
the time. Thus, for the matched sequence the binding rate
strongly dominates over the unbinding rate.
It is possible that the binding of free ssDNA to the presy-
naptic filament could be insensitive to mismatches between
the free ssDNA and the initiating strand. For example, the
free ssDNA could bind to the secondary binding site with-
out interacting with the initiating strand. If the comple-
mentary strand binding to the presynaptic filament were
insensitive to mismatches, then the fluorescence signal for
the heterologous, homologous and nearly matched ssDNA
molecules would all be the same; however, the signals for all
of these are markedly different indicating that the binding
is sensitive to mismatches.
Though the binding is sensitive tomismatches, it is in gen-
eral not very stringent. If homology stringency were per-
fect, the asymptotic fluorescence value should not change
when the ssDNA added to the active filament contains mis-
matches. Instead a small change in fluorescence was de-
tected when the presynaptic filament interacted with an
ssDNA sequence that contains no matched bases when
aligned in registrationwith the initiating strand (Figure 1B).
The small decrease still corresponds to ∼10% of the change
for the homologous sequence. When a 20-nt sequence from
pcDNA3 with 5/20 randomly positioned matched bases
was combined with the presynaptic filament, the fluores-
cence continued to decrease throughout the observation
time. At the end of the observation period, the fluorescence
change corresponded to∼20% of the change for the homol-
ogous sequence. Such significant binding of sequences with
only 5/20 matches could pose challenges for homologous
recognition in vivo where ∼20% of the interactions would
contain 5/20 accidental matches. Sequences containing 16
or 17 matched bases show 40 to 60% fluorescence change
with respect to the homologous sequence, suggesting that
base pairing in theRecA-heteroduplex complex can be quite
stable in the presence of three or four mismatches.
Though sequences containing a small number of mis-
matches can show fairly stable binding, the data clearly indi-
cate that heteroduplexes containing mismatches yield lower
equilibrium binding values than the homologous sequence.
We note that previous fluorescence studies have also found
that the binding of ssDNA in the heteroduplex favors the
homologous interaction (21).
B-form dsDNA obtained by ssDNA annealing
Having evaluated the mismatch-dependent instability pro-
vided by the binding of free ssDNA to ssDNA bound to
site I, we wanted to compare those results to the mismatch-
dependent instability provided by the annealing of free ss-
DNA to form B-form dsDNA under the same conditions.
Thus, we hybridized the same fluorescein and rhodamine
labeled ssDNA molecules in the absence of RecA protein,
as illustrated in Figure 1C. The resulting fluorescence ver-
sus time measurements are shown in Figure 1D. Both the
perfectly matched and heterologous oligonucleotides reach
equilibrium in ∼100 s. The fluorescence curve for the ho-
mologous sequence is nearly identical to the curve for bind-
ing free ssDNA to the presynaptic filament; however, for
many sequences protein free annealing of ssDNA provides
better rejection than binding to the presynaptic filament.
Strand exchange
In order to study the relationship between the homology
stringency provided by the binding of the complementary
strand to the presynaptic filament and the stringency pro-
vided by strand exchange, we performed additional FRET
experiments (Figure 1E). These experiments were designed
to measure the homology dependence of the equilibrium
binding of strand exchange products, so we could compare
the results with those obtained for annealing and ssDNA
binding to the presynaptic filament.
Figure 1E shows a schematic representation of strand
exchange measurements that are analogous to the experi-
ments shown in Figure 1A and C. For these experiments,
the initial dsDNA consists of 20-bp sequences from lambda
phage DNA containing the rhodamine fluorophore at the
5´ end of the complementary strand whereas the fluores-
cein donor is attached to the 3´ end of the initiating strand
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Figure 1. Experiments on 20 nt sequences using the emission of the donor in a FRET pair to study the homology sensitivity of ssDNA binding to the
presynaptic filament, free ssDNA annealing and strand exchange. (A) Schematic of the binding of free ssDNA with the initiating strand in the presynaptic
filament bringing fluorophores in close proximity. The large gray circles indicate RecA molecules. The yellow regions indicate Watson–Crick pairing. The
red circle and the star correspond, respectively, to the positions of the rhodamine (acceptor) and fluorescein (donor) FRET partners. The star is green
when the fluorescein is emitting and black when it is quenched by the nearby rhodamine. The magenta asterisks indicate the position of the mismatches
for a partially matched case. (B) Emission of the fluorescein donor versus time for the perfectly matched (blue), mis4 (magenta), 3i (green), 1+2 (brown),
pcDNA3 (solid black) and het (dashed black). (C) Annealing of free labeled ssDNA molecules without RecA protein. (D) Same as (B), except it is for the
case shown schematically in panel (C). (E) Schematic of the strand exchange experiment. The outgoing, initiating and complementary strands are labeled o,
i and c, respectively. (F) Fluorescence intensity as a function of time for the strand exchange experiment illustrated in panel (E) and for the same sequences
shown in panel (B).
(presynaptic filament) (Supplementary Table S1). At the be-
ginning of the experiment, the fluorescein in the ssDNA-
RecA filament emits brightly. When the rhodamine labeled
complementary strand comes close enough to the initiat-
ing strand, the fluorescein emission decreases as a result of
the quenching due to the rhodamine acceptor (Figure 1F).
Thus, if dsDNA binds to the presynaptic filament in a po-
sition where the complementary strand can undergo strand
exchange, then the fluorescein emission should decrease.
Figure 1F shows curves of the fluorescein emission ver-
sus time for strand exchange reactions between 20-bp ds-
DNA and 20-nucleotide filaments at 37◦C in a buffer con-
taining ATPS, which presents negligible hydrolysis. Since
strand exchange progresses through homologous regions at
∼6 bp/s (22–24), strand exchange of 20-nt homologous se-
quences should complete in less than 4 s. Thus, strand ex-
change is nearly instantaneous on the timescale of the fluo-
rescence evolution shown in Figure 1F (> 20 min).
In Figure 1F, the blue curve shows the fluorescence for
the homologous strand exchange reaction. The curve shows
that the fluorescence approaches an asymptotic limit that
is ∼35% of the initial fluorescence. In contrast, binding of
homologous free ssDNA to the presynaptic filament re-
sults in a fluorescence decrease corresponding to ∼95% of
the initial fluorescence (Figure 1B). The remaining curves
in Figure 1F represent the fluorescein emission due to
the strand exchange of sequences containing mismatches.
Those curves show that the asymptotic fluorescence limits
for mismatched sequences are higher than for the homolo-
gous sequence. Those higher asymptotic values indicate that
the strand exchange products for the mismatched sequences
are less favorable than the product for the homologous se-
quence. Furthermore, the fluorescence due to a sequence
with 5/20 matched bases shows almost no shift, indicating
that the complementary strand does not remain bound to
the presynaptic filament in a position where it could un-
dergo strand exchange.
Single-molecule pulling shows that the binding of the com-
plementary strand in the RecA-heteroduplex complex is more
stable than the binding between annealed ssDNA strands in
B-form dsDNA
The asymptotic values of the fluorescence curves for direct
ssDNA binding to an ssDNA-RecA filament indicate that
base pairing in the heteroduplex is less stringent than the
pairing in B-form dsDNA; however, it does not provide in-
formation about the relative stability of the base pairing in
the two structures. Crystallographic studies have shown that
backbone interactions do not play a significant role in bind-
ing the complementary strand to the heteroduplex (12), so
the complementary strand must be bound to the heterodu-
plex via interactions involving the complementary strand
bases. Thus, the stability of the binding in the heterodu-
plex can be probed by single-molecule pulling experiments
that apply forces to the DNA backbones resulting in ten-
sion on the complementary strand bases. Such experiments
can probe the stability of the binding of the complemen-
tary strand by measuring the force that must be applied to
the ends of the DNA in order to separate the complemen-
tary strand from the filament. Increasing the shear force in-
creases the stress on the complementary strand bases bind-
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Figure 2. Extension versus force curves for naked dsDNA and dsDNA
bound to site I pulled from the 3´3´ ends. (A) Schematic illustration of the
pulling technique. (B) Extension versus force curves. The solid blue and
red curves show, respectively, typical results for naked dsDNA (15) and
dsDNA bound to site I in an almost complete filament. The dashed blue
and dotted gray curves are theoretical plots of the extension versus force
curves for overstretched dsDNA and ssDNA, respectively (15). The solid
black vertical line at ca. 125 pN indicates Fs, the force at which naked
dsDNA begins to shear and the dashed black line indicates the shearing
force ∼150 pN (15).
ing that strand to the filament until the bonds connecting
the complementary strand to the filament are disrupted.
For these experiments, we formed theRecA-heteroduplex
complex by directly binding dsDNA to site I. Single
molecules are selected by following the overstretching curve
initially when there is no significant amount of RecA pro-
tein bound to dsDNA. This curve should show that the
overstretching transition takes place at around 65 pN;
higher forces indicate that there is more than one dsDNA
trapped between the bead and the capillary surface, and
therefore such cases are not included in our studies. Suc-
cessive overstretching cycles lead to RecA nucleation on
dsDNA which allows complete coverage of the dsDNA
molecule by polymerized RecA within one hour (25). Un-
der our experimental conditions there is a significant lag
time for RecA nucleation onto dsDNA, so the pulling ex-
periments start with naked dsDNA (25). When dsDNA is
fully covered by RecA, the overstretching transition disap-
pears, and for a molecule that is partially covered, only the
uncovered dsDNA is able to overstretch.
For the pulling experiment results shown in Figure 2, we
monitored the extension versus force curve as theRecA cov-
erage increased. Initially, when the dsDNAwas not yet cov-
ered by the protein, we observed the usual overstretching
transition at 65 pN, which indicated that we were observ-
ing one single tethered dsDNAmolecule (26). As time went
on, the RecA covered the dsDNA. The coverage could be
monitored by measuring the increase in extension and the
decrease in the fraction of the dsDNA that participates in
the overstretching transition. For the dsDNA-RecA fila-
ment shown in Figure 2, the coverage of the filament was
not quite complete. The remaining overstretching transi-
tion at 65 pN shows that the dsDNA being monitored is
still one single molecule. Figure 2 also shows the results of
pulling experiments for B-form dsDNA. Extensive studies
of that system were presented in previous work (15). The
curve represents a typical result from that study. Figure 2
indicates that the binding of the complementary strand in
the ssDNA-RecA filament blocks the overstretching transi-
tion that occurs at ∼65 pN when B-form dsDNA is pulled
from the 3´3´ ends, as well as the shearing transition that oc-
curs in B-form dsDNA when the applied force is ∼120 pN.
These data indicate that the complementary strand binds
more strongly to the ssDNA-RecA filament than it binds
to its partner strand in protein-free B-form dsDNA anneal-
ing. Supplementary Figure S1 shows similar results for 3´5´
pulling. Previous work has also shown that the binding of
RecA to dsDNA blocks the overstretching transition when
a single dsDNAmolecule is pulled from the 3´5 ´ ends (27).
MD simulation experiments suggest the complementary
strand binding in the RecA-heteroduplex complex can be in-
sensitive to mismatches
MD simulations offer a third tool for considering the sta-
bility of dsDNA binding in site I. Though Figure 1F shows
that completely heterologous sequences do not form ob-
servable strand exchange products, sequences with just 5/20
matched bases can produce detectable products when ss-
DNA binds to the presynaptic filament (Figure 1B). In or-
der to probe the stability of highly mismatched sequences in
the RecA-heteroduplex, we turned to molecular dynamics
(MD) simulations (Figure 3A) that allow either completely
matched or completely mismatched sequences to be placed
in the heteroduplex. A description of the MD protocol can
be found in Supplementary Data. We then compared the
time evolution of matched and mismatched heteroduplexes.
Figure 3B shows the simulated evolution of the structure of
the crystallized poly(A)-poly(T) heteroduplex in the RecA
filament structure (12). Figure 3B also shows the analogous
simulated evolution for a poly(T)-poly(G) structure. In the
poly(T)-poly(G) structure, there is a mismatch at every po-
sition in the sequence.
Figure 3 suggests that Watson–Crick pairing can main-
tain the stability of the positioning of complementary
strand bases in the absence of protein residues maintain-
ing intrastrand stacking as discussed in more detail in Sup-
plementary Data; however, Watson–Crick pairing is not re-
quired to stabilize the positioning of complementary strand
bases over 10 ns timescales if protein residues maintain in-
trastrand stacking.
Backbone repulsion in the RecA-heteroduplex complex is
smaller than in B-form dsDNA
Results of experiments and simulations indicated that the
binding in the RecA-heteroduplex complex is more stable
and mismatch insensitive than in B-form dsDNA, but they
have not provided any reason for that enhanced stability.
We sought possible origins by making potential maps of
the RecA-heteroduplex complex like those shown in Fig-
ure 4 and Supplementary Figures S2 through S6. Consistent
with previous work (12), the electrostatic maps do not show
a strong favorable interaction between the complementary
strand backbone and the filament; however, comparison be-
tween electrostaticmaps of theRecA-heteroduplex complex
and maps of B-form dsDNA do show some significant dif-
ferences that might make complementary strand binding in
6478 Nucleic Acids Research, 2015, Vol. 43, No. 13
Figure 3. Molecular Dynamics simulation for poly dA-dT and poly dG-dT dsDNA in site I. (A) Schematic of the molecular dynamics simulation system.
The solvation water is shown as the transparent box and the sodium and chloride ions are shown as pink and purple sphere, respectively. The molecule
in surface representation is the RecA-DNA complex. (B) Structure of the matched and mismatched DNA in site I at the end of the 15 ns conventional
MD simulation. The initiating, and matched and mismatched complementary strands are shown in yellow, cyan and green, respectively. The overlapping
structures are obtained from the last 10 ns of the simulation with 1 ns gap. (C and D). Detail illustrations of the stable nucleotide triplet at the end of the
simulation for matched and mismatched strands.
the RecA-heteroduplex complex more stable and mismatch
insensitive than in B-form dsDNA. In particular, Figure 4B
shows that the initiating strand has little electrostatic in-
fluence on the complementary strand, whereas in B-form
dsDNA there is a substantial repulsive interaction between
the strands (Figure 4C). Finally, Supplementary Figure S2
shows that negatively-charged amino acid residues create a
repulsive potential that pushes the complementary strand
toward the initiating strand, whereas in B-form dsDNA
the interstrand repulsion pushes the two strands away from
each other. The force exerts stress on the base pairing that
connects the two strands; however, that stress is not present
in the RecA-heteroduplex complex, where there is no repul-
sive interaction between the strands.
FRET based study of the strand exchange of 20 nt sequences
containing three mismatches
The results presented so far indicate that for some se-
quences, binding of ssDNA to the presynaptic filament can
be much less sensitive to the presence of mismatches than
strand exchange. Thus, homology recognitionmust not sim-
ply depend on the mismatch sensitivity of site I base pair-
ing. In order to better understand what does determine ho-
mology recognition, we have performed detailed studies of
the mismatch-dependent instability of 20 bp interactions
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Figure 4. Potential maps of the presynaptic filament and B-DNA. (A) Map for the presynaptic filament at the surface of the protein and the initiating
strand (both in surface representation), where blue corresponds to +3 kT/e, white is neutral, and red corresponds to −3 kT/e. The potential includes the
effects of charges in the initiating strand. The complementary strand (in stick representation) is not present in the presynaptic filament, but it is shown to
indicate the position it occupies when dsDNA is bound to site I. The complementary strand coloring represents the atomic content, not the potential. It
is positioned in a neutral region separating regions with strong positive and negative potentials (12). (B) Same as panel (A), but only the potential at the
position of the complementary strand is shown. The protein is not shown, and the initiating strand is shown in yellow in stick representation. The nearly
white color in the complementary strand indicates that the potential is almost neutral on this scale. Similar results are obtained for the same conformation
of the twoDNA strands (stretched-unwound form) in the absence of the protein, as shown in Supplementary Figure S3. (C) Calculation for B-form dsDNA
analogous to the calculation shown in Supplementary Figure S3, mapping the potential exerted by one (yellow) strand on the complementary strand. The
pink color indicates a negative potential.
containing 17/20 matched bases (Supplementary Table S2).
Figure 5A illustrates all the sequences considered in this sec-
tion. Some of those sequences were also studied in the ex-
periments presented in Figure 1. In Figure 5A, the white
boxes represent matched bases and the red boxes represent
mismatched bases. All of these sequences with 17 consec-
utive or non-consecutive matched bases produced readily
detectable strand exchange products.
In the strand exchange experiments shown in Fig-
ure 1F, the decrease in fluorescence occurs whenever the
rhodamine-labeled complementary strand binds to the
presynaptic filament in a position where the rhodamine
fluorophore can quench the emission due to the fluores-
cein labeled initiating strand. The close proximity between
the complementary and initiating strands does not require
strand exchange; therefore, to probe for strand exchange,
we conducted a second type of experiment that measures
the separation between the outgoing and complementary
strands. To monitor the distance between the complemen-
tary and outgoing strands, we formed a presynaptic fila-
ment using an unlabeled initiating strand (Figure 5B). The
unlabeled filament then interacted with dsDNA in which
the complementary strand was labeled with rhodamine and
the outgoing strand was labeled with fluorescein. Thus,
the base pairing between the outgoing and complemen-
tary strands quenches the fluorescein emission. Strand ex-
change separates the complementary strand from the out-
going strand. The increased separation reduces the quench-
ing, so strand exchange results in an increase in the fluo-
rescein emission. Figure 5C shows the fluorescein emission
versus time for a number of different sequences. The result
for the homologous sequence is shown in purple, and fits to
the curves are shown in Supplementary Figure S7.
Importantly, Figure 5C shows that the asymptotic lim-
its of the fluorescence signal for strand exchange reactions
containing mismatches are lower than for the homologous
case, indicating that they achieve lower equilibrium strand
exchange values. This result is consistent with competitive
binding assays shown in Supplementary Figure S8. Though
all mismatched strand exchange products containing 17/20
matches showed lower fluorescence signals, a large variation
can be observed in Figure 5C. Specifically, sequences con-
taining 17 contiguous homologous nucleotides reach high
asymptotic fluorescence values. In contrast, when the mis-
matched triplet is central with 8–9 bp regions of contigu-
ous homology at each side, the equilibrium fluorescence val-
ues are low. Surprisingly, systems with three isolated mis-
matches distributed every 5–6 bp show fluorescence val-
ues comparable to the values for mismatched triplets at the
ends.
The results shown in Figure 5C are summarized in Fig-
ure 5D. The bars show the asymptotic fluorescence values
for triplet mismatches. The height of each bar corresponds
to the normalized asymptotic value of the fluorescence sig-
nal for particular individual sequences with mismatched
triplets. The x axis label, k, refers to the sequences with mis-
matched triplets and corresponds to the separation between
the central base in the mismatched triplet and the nearest
dsDNA end. The length of the longest region of contigu-
ous homology is m = 19-k. Thus, a triplet at the end has k
= 2 and contains 17 contiguous homologous bases. Figure
5D and Supplementary Figure S9 show that the asymptotic
values for the fluorescence are insensitive to the separation
between the mismatch and the fluorophore, suggesting that
the fluorescence signals dominantly report the formation of
complete 20-bp strand exchange products, not local melting
near the fluorophores.
For sequences that contained 17/20 matches where the
mismatches were not grouped into triplets, the x axis has no
meaning; however, we wanted to compare the final values
for those sequences with those for the mismatched triplets.
In order to compare them, Figure 5D includes horizontal
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Figure 5. Experiments on 20 nt sequences using the emission of the donor in a FRET pair to study the sensitivity of strand exchange to mismatches.
(A) Schematic representation of the different sequences used in the strand exchange experiments showing the positions of homologous (white) and non-
homologous (red) bases. The largest number of homologous bases in each sequence is indicated to the right. (B) Schematic of the strand exchange experiment
where the rhodamine fluorophore is shown in red, and fluorescein is black when quenched and green when it can emit. (C) Fluorescein emission versus
time for fully homologous DNA (purple), tr 3´ (blue), 3i (green), tr 5´ (red), tr c3´ (solid brown), tr c5´ (dashed brown), tr m (black), 1+2 (solid magenta),
2+1 (dashed magenta), pcDNA3 (solid cyan) and het (dashed cyan) (Supplementary Table S2). (D) Bar graph summarizing the results shown in panel (C)
for tr 3´ (m = 17 blue), tr 5´ (m = 17 diagonal blue lines), tr c3´ (m = 14 blue), tr c5´ (m = 14 diagonal blue lines), tr m (m = 9), 3i (m = 5 dashed line), 1+2
(m = 10 dashed line) and 2+1 (m = 8 dotted line).
lines corresponding to the asymptotic values for three mis-
matches distributed throughout the sequences.
As indicated by the bar graph in Figure 5D, the results for
sequences that are homologous except for one single mis-
matched triplet suggest that the asymptotic value of the flu-
orescence increases with m. This is consistent with the re-
sult obtained in studies using sequences with m contiguous
homologous bases and 20-m contiguous non-homologous
bases (28); however, the rule does not apply to other 17-
bp matches considered in this work. For example, 3i, the
sequence with three isolated mismatches separated by 5–6
contiguous homologous bases has an m value of only 5 but
achieved equilibrium fluorescence values comparable to the
values for sequences with mismatched triplets at either end
(tr 5´ and tr 3´), which have anm value of 17 (Figure 5C, D).
Furthermore, the asymptotic fluorescence value for 3i with
m= 5 is much larger than the values for a central triplet mis-
match, tr m, (m= 9), as well as the values for sequences 2+1
and 1+2 (m = 8 or 10, respectively). Thus, the asymptotic
value of the fluorescence is not simply determined by m, the
longest region of contiguous homology or by the number of
matched bases within the entire 20-nt sequence.
In order to provide another check that in the strand ex-
change experiments the fluorophores are reporting binding
along the 20-nt filament rather than a local interaction oc-
curring near the fluorophore tagged ends, we performed an
additional set of experiments for each sequence shown in
Figure 5C. In the experiments shown in Figure 5, the fluo-
rophores were attached near the 3´ end of the filament. In
contrast, for the results shown in Supplementary Figure S9,
the fluorophores were located near the 5´ end of the fila-
ment. Consistent with the results shown in Figure 5C, Sup-
plementary Figure S9 indicates that the two sequences with
mismatches at the end, tr 5´ and tr 3´ and sequence 3i show
similar high fluorescence values, while the 1+2, 2+1 and tr
m sequences showmuch lower values indicating more effec-
tive rejection. Both these sets of results are consistent with
the results shown in Figure 1F.
Comparison of the equilibrium fluorescence values obtained
from binding to the presynaptic filament, annealing and
strand exchange
Figure 6 shows themeasured final values of the fluorescence
curves averaged over multiple runs. The results for binding
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Figure 6. Comparison of the results obtained for ssDNA binding to the presynaptic filament, annealing and strand exchange. The equilibrium values
associated with the measured final values of the fluorescence curves were averaged over multiple runs for binding to the presynaptic filament (blue),
protein-free ssDNA annealing (red) and strand exchange (green).
to the presynaptic filament are shown in blue, and the re-
sults for protein-free ssDNA annealing are shown in red.
Given that the structure of the postsynaptic filament shows
the dsDNA is divided into nearly B-form triplets, one might
expect similar mismatch rejection in the two systems; how-
ever, the mismatch-dependent instability is markedly differ-
ent. The two systems produce nearly identical results for
the homologous and the heterologous sequences, but for
pcDNA3, 3i and mis4 sequences, annealing shows signifi-
cantly better mismatch rejection. This is consistent with the
MD results showing that for complete triplets with residues
I199 andM164 intercalated in the rises, the postsynaptic fil-
ament structure is stable over > 10 ns despite the presence
of mismatches, whereas in the absence of intercalation the
position of mismatched bases was quite unstable. Interest-
ingly, for the 1+2 sequence and the tr 5´ sequence, binding of
complementary ssDNA to the presynaptic filament shows
better recognition than in protein-free annealing of ssDNA.
For sequence 1+2, the improvement is not statistically sig-
nificant, but for tr 5´, the improvement is significant.
Though annealing showed poor rejection of the mis-
matched triplet at the 5´ end, the asymptotic fluorescence
values seem to suggest that it shows good rejection of a
triplet at the 3´ end.We believe that the apparent good rejec-
tion of the mismatched triplet at the 3´ end is an artifact due
to the partial opening of the B-form dsDNA near the mis-
matched end where the fluorophore is located. The open-
ing reduces the FRET signal emitted by partially paired ds-
DNA; therefore, it represents local melting, not global melt-
ing. Since in this case the fluorescence signal does not rep-
resent the DNA annealing, the bar representing that result
is shown with a diagonal pattern to indicate that the fluo-
rescence may not accurately represent the binding.
The green bars in Figure 6 show the measured final fluo-
rescence values for strand exchange based on experiments
like those shown in Figure 1E. For all sequences except
3i, the equilibrium values for strand exchange show bet-
ter rejection of mismatched base pairings than the equilib-
rium values for binding to the presynaptic filament. Fur-
thermore, for the sequences 1+2 and tr 5´ strand exchange
shows better rejection of mismatched base pairings than an-
nealing.
FRET based study of the stability of strand exchange prod-
ucts as a function of the number of distributed matches
In the previous section we dominantly considered inter-
actions that produce detectable strand exchange products.
Though studies of sequences with 17/20matched bases pro-
vide useful information about homology recognition, inter-
actions between sequences with 17/20 matched bases rarely
occur in vivo. In vivo, the most probable interaction would
involve 5/20 matched bases randomly distributed along the
full 20-nt length. Thus, in order to consider the effectiveness
of homology discrimination in vivo, we performed strand
exchange experiments like those shown in Figure 5, using
20-nt sequences containing different numbers of distributed
matches, as illustrated in Figure 7A.
Figure 7B shows the normalized final values for the fluo-
rescence versus time curves as a function of the total number
of accidental matches for the sequences illustrated in Fig-
ures 5A and 7A. The results show that for sequences con-
taining 14 or fewer matches, no strand exchange product
was detected. For sequences containing 15 non-contiguous
matches, product formation was barely detectable. In con-
trast, results shown in Figure 5 indicate that sequences with
17 contiguous homologous bases create strand exchange
products that are quite stable.
Previous work had suggested that homology recognition
might involve an extremely stringent initial test of ∼8 con-
tiguous base pairs, followed by less stringent testing (29).
Such an initial test could explain why the results shown in
Figures 5–7 do not simply depend on the total number of
matches within 20 nucleotides, since the initial test would
only consider a sub-region within the 20 nt sequence. In this
study, we tested this proposal using a very simplistic model
in which homology recognition involves an initial test ofM
contiguous bp. In themodel, the initial test rejects sequences
that contain j or more mismatches per M base pair group.
For j = 1, only perfectly matched contiguous M base pair
groups pass the initial test, whereas for j = 2, the system
passes contiguousM base pair groups that contain either 0
or 1 mismatch. A 20-nt sequence contains (21−M) distinct
contiguousM base pair groups.
To evaluate the results of the initial tests, we calculated
NMbp with < j <j. For two sequences of equal length aligned
in registration,NM bp with <j is the number of distinct groups
of M contiguous base pairs that contain less than j mis-
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Figure 7. Effectiveness of rejection of mismatched base pairings by strand exchange. (A) Schematic representation of 20-nt sequences containing different
numbers of distributed matches (white) and mismatches (red). (B) Normalized final values for the fluorescence versus time curves as a function of the total
number of accidental matches for sequences 5/20, 10/20, 12/20, 14/20 (mis6a and mis6b), 15/20 (mis5 3´and and mis5 5´), mis4 (16), and sequences with
17 matches shown in order for 3i, tr m, tr 3´, tr 5´, tr c3´, tr c5´, 1+2 and 2+1. (C) Number of mismatches within the contiguous 8 bp whose first base is
located at the position corresponding to the x axis value for the sequences shown in panel (A): 5/20 (red), 10/20 (orange), 12/20 (yellow), first 14/20 (light
green), second 14/20 (dark green), both 15/20 overlap and are shown in blue, and 16/20 (purple). (D) Number of 8-bp regions containing less than two
mismatches for the same sequences in panel (B).
matches. If there is no group of M contiguous bp that in-
cludes less than j mismatches, then NM bp with <j = 0. The
model predicts that such an interaction between two 20-nt
sequences should not produce detectable strand exchange
products, even if the total number of matches per 20 bp is
large. In this very simplistic model, the rejection is assumed
to be insensitive to the positions of the mismatches in the
group. It is also assumed to be insensitive to the nature of
the mismatch and the overall composition of the 20-nt se-
quence. Of course a more realistic model would capture all
of these features that we ignored; however, this very sim-
plistic model gives surprisingly good results, as we discuss
in detail below.
To provide quantitative information, we compared the
measured final fluorescence values with NM bp with <j for M
values from 4 to 20 and j values from 1 to 3, as shown in
Supplementary Figures S10 and S11. We note that the ex-
perimental results are in poor agreement with any initial test
that does not accept any mismatches because the rejection
would be too stringent. Each separate curve in Figure 7C
corresponds to a particular 20 nt sequence. In Figure 7C,
the x axis values correspond to the position of first base in
each contiguous 8 group within a particular 20 nt sequence.
Thus, the x axis values range from 1 to 13 since within a
20 nt sequence there are 13 possible positions for the first
base in a group of 8 contiguous bp. In Figure 7C, the y axis
values correspond to the number of mismatches within the
contiguous 8 bp whose first base is located at the position
corresponding to the x axis value. Except for the mis4 se-
quence with 16/20 matched bases (purple curve), none of
the sequences include a contiguous 8 bp group with fewer
than two mismatches; therefore, for all of the sequences ex-
cept mis4, N8 bp with <2 = 0. In contrast, N8 bp with <2 = 4 for
sequence mis4 since within mis4 there are four groups of 8
contiguous bp that contain less than two mismatches. As
Figure 7C shows, the first bases of those four 8 bp groups
occur at positions 1, 4, 5 and 6.
The x axis in Figure 7B is the same as the x axis in Fig-
ure 7D; therefore, each x position corresponds to a partic-
ular sequence. In Figure 7B the bar heights correspond to
the final measured fluorescence values versus the total num-
ber of matches within each 20-nt sequence, whereas in Fig-
ure 7D the height of each bar represents N8 bp with <2 for the
same sequences. Comparison of Figure 7B and D suggests
that sequences that form readily detected strand exchange
products all contain at least one 8-bp region with less than
twomismatches, whereas sequences that do not contain any
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such regions rarely form stable 20 bp strand exchange prod-
ucts.
Comparison of Figure 7B and D suggest that the model
not only captures the rejection of sequences that do not
produce detectable fluorescence, but it is also in reasonable
agreement with the final fluorescence values observed for
sequences that do produce detectable fluorescence. Such a
correlation could occur if the probability that an interaction
would lead to detectable fluorescence is proportional to the
number of possible binding positions that would pass the
initial test.
In order to evaluate the relationship between the final
value of the fluorescence andNM bp with <j, we calculated the
correlation between the values of N8 bp with <2 shown in Fig-
ure 7D and the final fluorescence values for the sequences
shown in Figure 7B. We also calculated the mean square
deviation of the difference of the normalized values of the
results shown in Figure 7B andD.Wemade similar calcula-
tions for allM values between 4 and 14 and all j values be-
tween 1 and 3. The results of those calculations are shown in
Supplementary Figure S12. As discussed above, j= 1 values
give very poor fits for anyM. For j= 2, the best fit occurs for
M values between 6 and 10. The results also show that, for
M < 12, an initial test with j = 3 would pass too many in-
teractions; however, j= 3 shows correlations that maximize
for M values between 12 and 16. We believe that the peak
corresponds to the period doubling of the j= 2M= 8 peak
since the j = 3M = 12–16 accepts two mismatches in 16 bp
(2/14 = 1/7) which is similar to accepting one mismatch in
8 bp.
DISCUSSION
Previous work had proposed that since the complemen-
tary strand backbone has little favorable interaction with
the presynaptic filament, the binding of the complemen-
tary strand to the presynaptic filament must be governed
by the Watson–Crick pairing of the complementary strand
bases with the initiating strand bases (12). If this were true,
RecA mediated homology recognition could be determined
by the sensitivity of that base pairing to the presence of mis-
matches. Our results show that the binding of the comple-
mentary strand to the presynaptic filament is stable even in
the presence ofmismatches, and that for some sequences the
equilibrium binding of ssDNA to the presynaptic filament
is much less stringent than the equilibrium binding resulting
from strand exchange. Thus, the results show that strand ex-
change is not governed by the equilibrium binding between
the complementary and initiating strands in the heterodu-
plex.
In what follows we will consider two major questions: (i)
What are possible origins of the stable mismatch insensitive
binding of the complementary strand in the postsynaptic fil-
ament? (ii) How can RecAmediated homologous base pair-
ing in vivo rapidly form stable homologous products that
may incorporate some mismatches?
Possible origins of the stability and mismatch insensitivity of
the RecA-heteroduplex complex
This work shows that, in the RecA-heteroduplex complex,
base pairing is not stressed by interstrand backbone repul-
sion. Thus, one might expect base pairing in the RecA-
heteroduplex complex to be more stable and mismatch in-
sensitive than in B-form dsDNA.We propose that the dras-
tic reduction in backbone repulsion is not the only factor
that makes the binding of the complementary strand stable.
It is notable that if naked dsDNA is forced to extend to 1.5x
the B-form dsDNA length, and the structure has a three
nucleotide periodicity, then the minimum energy structure
consists of nearly B-form triplets separated by large rises
(30,31). Dividing the extended naked dsDNA into stacked
triplets separated by rises provides more stability than uni-
form extension because a large rise that allows the stack-
ing to be preserved within triplets is more favorable than
disrupting the stacking between every base (30,31). In the
nucleoprotein filament intercalation of residues I199 and
M164 at the position of the rises (12) provides a hydropho-
bic environment that reduces the energetic cost of unstack-
ing. The presence of intercalators may also promote or sup-
port the extension of the dsDNA since, even in the ab-
sence of protein binding, intercalators can make extended
dsDNA more free energetically favorable than B-form ds-
DNA (32). Importantly, the energy gained by stacking nu-
cleotides in naked ssDNA is comparable to the free en-
ergy gained by annealing complementary ssDNAs (33), and
stacking makes a large contribution to the stability of ds-
DNA (34). This important contribution due to stacking is
consistent with the results shown in Figure 3 which indicate
that the mismatched base pairings only remain stable if they
are flanked by intercalating protein residues that help stabi-
lize the intrastrand stacking.
In sum, our studies of the RecA-heteroduplex complex
structure suggest that the increased stability and mismatch
insensitivity result from at least three effects: (i) A decrease
in interstrand repulsion. (ii) An electrostatic barrier that
pushes the complementary strand backbone toward the ini-
tiating strand (Supplementary Figure S6). (iii) An increase
in the stability of the intrastrand stacking due to the inter-
calation of protein residues.
The initial 8 bp test
As discussed above, mismatch rejection during strand ex-
change does not simply depend on the number of matched
bases in the 20-nt sequence, or on the maximum number of
contiguous base pairs; however, the correlation data suggest
that the rejection of mismatched base pairings is consistent
with an initial test of ∼8 contiguous bp that accepts up to
onemismatch within those 8 base pairs. Though the data re-
quire that some single mismatches must pass the initial test,
the data do not preclude the possibility that the initial test
efficiently rejects some single mismatches.
We propose that the rapid initial testing does not take
place in structures with dsDNA triplets in the post-synaptic
conformation, but rather in transition states like that shown
in Supplementary Figure S13, which may not be character-
ized by the stable mismatch insensitive binding in the het-
eroduplex. Since the sparsity of accidental matches allows
more than 96% of all base pairings to be rejected by an ini-
tial 8-bp test that accepts one mismatch, rapid homology
testing is consistent with the observed properties of the het-
eroduplex. Finally, we speculate that the large increase in
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stability that is observed when strand exchange products ex-
tend to 8 bp is the result of a transition to a structure where
8 contiguous bp occupy the position observed in the het-
eroduplex crystal structure.
Previous multiple stage recognition model
Previous experimental (28,35) and theoretical (13,14,36)
work has suggested that a major structural transition oc-
curs when the length of the strand exchange product reaches
8 bp as discussed in detail in Supplementary Data. In par-
ticular, experiments show that the binding of product with
length higher than 8 bp becomes much more stable (28)
and the rate at which strand exchange progresses becomes
much slower (37). Motivated by those known experimental
results, previous theoretical work has shown that the spar-
sity of accidental matches between two randomly chosen re-
gions of a bacterial genome could allow rapid and accurate
homology searching in a multiple stage kinetic recognition
model (13,14). Themultiple stage kinetic model requires the
following conditions that are consistent with previous ex-
perimental results (28,37) : 1. The search must include a
rapid initial homology test of ∼8 bp. 2. This rapid step is
followed by a slower step that iteratively tests the homol-
ogy of successive base pair triplets. Theoretical work sug-
gested that the initial test need not be terribly stringent, and
that the free energy penalty for a mismatched triplet in the
slower step could be less than the thermal energy (13). All
of these conditions are consistent with the results shown in
this work.
Rejection after passing the initial test
Figure 5 shows that sequences containing mismatches ex-
hibit lower equilibrium binding values than the homolo-
gous sequence, and competitive binding assays show that
binding also favors the homologous sequences. Although
some sequences may be rejected after passing the initial test
and before forming a 20-bp strand exchange product, some
sequences like 3i, tr 5´ and tr 3´ frequently form20-bp strand
exchange products. Thus, interactions with a high degree of
homology may be resolved after the heteroduplex product
extends to 20 bp.
Importantly, in vivo, strand exchange does not become ir-
reversible until ATP hydrolysis unbinds the heteroduplex
from the filament after the strand exchange product has
extended to approximately 80 bp (23). Previous theoreti-
cal work (13) has shown that if the strand exchange of a
matched base is slightly favorable and the strand exchange
of a mismatched base is slightly unfavorable, then the spar-
sity of accidental matches in a genome would allow non-
homologous interactions to be rejected by strand exchange
reversal before forming irreversible products. Importantly,
previous work (38) and the results shown in Figure 5 in-
dicate that strand exchange can progress through short
mismatched regions even without ATP hydrolysis; how-
ever, the progression becomes less probable as the length
of the mismatch increases. Thus, Figure 5 suggests that
the mismatch insensitive base pairing in the heteroduplex
combined with the sparsity of accidental sequence matches
in bacterial genomes can promote efficient unbinding of
non-homologous sequences, while allowing homologous se-
quences containing some mismatches to form stable strand
exchange products. Of course, in vivo, additional factors
may promote rejection of non-homologous sequences that
are accepted by RecA mediated recognition. Moreover, re-
combination between divergent sequences can be effectively
inhibited by theDNAmismatch repair machinery involving
mismatch-directed dissociation of recombination interme-
diates (39–43).
For repair and recombination to be rapid and accurate,
it is not only important that non-homologous base pairings
be rejected, it is also vital that homologous base pairings
efficiently form stable strand exchange products. In vivo, a
homologous sequence that created a 20-bp strand exchange
product would continue to extend the product at a rate of
∼6 bp/s until ATP hydrolysis drives irreversible unbinding
of the dsDNA from the filament after the strand exchange
product extends to ∼80 bp (23).
CONCLUSION
In sum, if the two step kinetic recognition model that we
propose is correct the vast majority of mismatched inter-
actions can be very rapidly rejected by an initial test that
considers up to 8 bp that can accept up to one mismatch;
however, a combination of the probability distribution gov-
erning the number of accidental matches present in inter-
actions between two regions of a bacterial genome and
the poor stringency shown in the heteroduplex may allow
strand exchange to pass through short mismatched regions
within homologous interactions while non-homologous in-
teractions are stringently rejected even if they contain large
regions of accidental homology. This combination of strin-
gent rejection of non-homologous interactions and accep-
tance of short mismatched regions within homologous in-
teractions is highly desirable in living systems. The results
and analysis in this work are consistent with this recognition
model, as is previous work in RecA (14,28,29,37) and new
experimental results for Rad51-mediated strand exchange
(35).
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FUNDING
We thank Professor Douglas Bishop for helpful comments
and suggestions. National Science Foundation Graduate
Research Fellowship [DGE-1144152 to D.Y.]; Initiative
d’Excellence program from the French State [DYNAMO,
ANR-11-LABX-0011-01 to C.P.]. This work used the com-
puter resources of Stampede at the Texas Advanced Com-
puting Center (TACC) under an XSEDE startup alloca-
tion [TG-MCB130076]. Images were rendered using VMD
which was developed by the Theoretical and Computa-
tional Biophysics Group in the Beckman Institute for Ad-
vanced Science and Technology at the University of Illi-
nois at Urbana-Champaign (20). Funding for open access
charge: Harvard University.
Conflict of interest statement.None declared.
Nucleic Acids Research, 2015, Vol. 43, No. 13 6485
REFERENCES
1. Egelman,E.H. and Yu,X. (1989) The location of DNA in RecA-DNA
helical filaments. Science, 245, 404–407.
2. Shibata,T., Cunningham,R.P., Dasgupta,C. and Radding,C.M.
(1979) Homologous pairing in genetic recombination - complexes of
RecA-protein and DNA. Proc. Natl. Acad. Sci. U.S.A., 76,
5100–5104.
3. Howard-Flanders,P., West,S.C. and Stasiak,Z. (1984) Role of RecA
protein spiral filaments in genetic-recombination. Nature, 309,
215–220.
4. Mazin,A.V. and Kowalczykowski,S.C. (1998) The function of the
secondary DNA-binding site of RecA protein during DNA strand
exchange. EMBO J., 17, 1161–1168.
5. Mazin,A.V. and Kolwalczykowski,S.C. (1996) The specificity of the
secondary DNA binding site of RecA protein defines its role in DNA
strand exchange. Proc. Natl. Acad. Sci. U.S.A., 93, 10673–10678.
6. Aihara,H., Ito,Y., Kurumizaka,H., Terada,T., Yokoyama,S. and
Shibata,T. (1997) An interaction between a specified surface of the
C-terminal domain of RecA protein and double-stranded DNA for
Homologous Pairing. J. Mol Biol., 274, 213–221.
7. Kurumizakaa,H., Aiharaa,H., Ikawaa,S. and Shibataa,T. (2000)
Specific defects in double-stranded DNA unwinding and homologous
pairing of a mutant RecA protein. FEBS Lett., 477, 129–134.
8. Kurumizaka,H., Ikawa,S., Sarai,A. and Shibata,T. (1999) The mutant
RecA proteins, RecAR243Q and RecAK245N, exhibit defective DNA
binding in homologous pairing. Arch. Biochem. Biophys., 365, 83–91.
9. Mazin,A.V. and Kowalczykowski,S.C. (1999) A novel property of the
RecA nucleoprotein filament: activation of double-stranded DNA for
strand exchange in trans. Genes Dev., 13, 2005–2016.
10. Rehrauer,W.M. and Kowalczykowski,S.C. (1996) The DNA binding
Site(s) of the Escherichia coli RecA protein. J. Biol. Chem., 271,
11996–12002.
11. Folta-Stogniew,E., O’Malley,S., Gupta,R., Anderson,K.S. and
Radding,C.M. (2004) Exchange of DNA base pairs that coincides
with recognition of homology promoted by E-coli RecA protein.
Mol. Cell, 15, 965–975.
12. Chen,Z., Yang,H. and Pavletich,N.P. (2008) Mechanism of
homologous recombination from the RecA-ssDNA/dsDNA
structures. Nature, 453, 489–494.
13. Kates-Harbeck,J., Tilloy,A. and Prentiss,M. (2013) Simplified biased
random walk model for RecA-protein-mediated homology
recognition offers rapid and accurate self-assembly of long linear
arrays of binding sites. Phys. Rev. E, 88, 012702.
14. Jiang,L. and Prentiss,M. (2014) RecA-mediated sequence homology
recognition as an example of how searching speed in self-assembly
systems can be optimized by balancing entropic and enthalpic
barriers. Phys. Rev. E, 90, 022704.
15. Danilowicz,C., Limouse,C., Hatch,K., Conover,A., Coljee,V.W.,
Kleckner,N. and Prentiss,M. (2009) The structure of DNA
overstretched from the 5′5′ ends differs from the structure of DNA
overstretched from the 3′3′ ends. Proc. Natl. Acad. Sci. U.S.A., 106,
13196–13201.
16. Unni,S., Huang,Y., Hanson,R.M., Tobias,M., Krishnan,S., Li,W.W.,
Nielsen,J.E. and Baker,N.A. (2011) Web servers and services for
electrostatics calculations with APBS and PDB2PQR. J. Comp.
Chem., 32, 1488–1491.
17. Baker,N.A., Sept,D., Joseph,S., Holst,M.J. and McCammon,J.A.
(2001) Electrostatics of nanosystems: Application to microtubules
and the ribosome. Proc. Natl. Acad. Sci. U.S.A., 98, 10037–10041.
18. Dolinsky,T.J., Czodrowski,P., Li,H., Nielsen,J.E., Jensen,J.H.,
Klebe,G. and Baker,N.A. (2007) PDB2PQR: expanding and
upgrading automated preparation of biomolecular structures for
molecular simulations. Nucleic Acids Res., 35, W522–W525.
19. Foloppe,N. and MacKerell,A.D. (2000) All-atom empirical force field
for nucleic acids: I. Parameter optimization based on small molecule
and condensed phase macromolecular target data. J. Comp. Chem.,
21, 86–104.
20. Humphrey,W., Dalke,A. and Schulten,K. (1996) VMD-visual
molecular dynamics. J. Mol. Graphics, 14, 33–38.
21. Wittung,P., Bazemore,L.R., Takahashi,M., Norden,B. and
Radding,C. (1996) Second-site RecA–DNA interactions: lack of
identical recognition. Biochem., 35, 15349–15355.
22. Bedale,W.A. and Cox,M.M. (1996) Evidence for the coupling of ATP
hydrolysis to the final (extension) phase of RecA protein-mediated
DNA strand exchange. J. Biol. Chem., 271, 5725–5732.
23. van der Heijden,T., Modesti,M., Hage,S., Kanaar,R., Wyman,C. and
Dekker,C. (2008) Homologous recombination in real time: DNA
strand exchange by RecA.Mol. Cell, 30, 530–538.
24. Peacock-Villada,A., Yang,D., Danilowicz,C., Feinstein,E.,
Pollock,N., McShan,S., Coljee,V. and Prentiss,M. (2012)
Complementary strand relocation may play vital roles in RecA-based
homology recognition. Nucleic Acids Res., 40, 10441–10451.
25. Feinstein,E., Danilowicz,C., Conover,A., Gunaratne,R., Kleckner,N.
and Prentiss,M. (2011) Single-molecule studies of the stringency
factors and rates governing the polymerization of RecA on
double-stranded DNA. Nucleic Acids Res., 39, 3781–3791.
26. Smith,S.B., Cui,Y.J. and Bustamante,C. (1996) Overstretching
B-DNA: The elastic response of individual double-stranded and
single-stranded DNA molecules. Science, 271, 795–799.
27. Hegner,M., Smith,S.B. and Bustamante,C. (1999) Polymerization
and mechanical properties of single RecA-DNA filaments. Proc. Natl.
Acad. Sci. U.S.A., 96, 10109–10114.
28. Hsieh,P., Camerini-Otero,C.S. and Camerini-Otero,R.D. (1992) The
synapsis event in the homologous pairing of DNAs: RecA recognizes
and pairs less than one helical repeat of DNA. Proc. Natl Acad. Sci.
U.S.A., 89, 6492–6496.
29. Bazemore,L.R., FoltaStogniew,E., Takahashi,M. and Radding,C.M.
(1997) RecA tests homology at both pairing and strand exchange.
Proc. Natl. Acad. Sci. U.S.A., 94, 11863–11868.
30. Pre´vost,C. and Takahashi,M. (2003) Geometry of the DNA strands
within the RecA nucleofilament: role in homologous recombination.
Quart. Rev. Biophys., 36, 429–453.
31. Pre´vost,C., Takahashi,M. and Lavery,R. (2009) Deforming DNA:
from physics to biology. Chemphyschem., 10, 1399–1404.
32. Kaji,N., Ueda,M. and Baba,Y. (2001) Direct measurement of
conformational changes on DNA molecule intercalating with a
fluorescence dye in an electrophoretic buffer solution by means of
atomic force microscopy. Electrophoresis, 22, 3357–3364.
33. Aalberts,D.P., Parman,J.M. and Goddard,N.L. (2003) Single-strand
stacking free energy from DNA beacon kinetics. Biophys. J., 84,
3212–3217.
34. Yakovchuk,P., Protozanova,E. and Frank-Kamenetskii,M.D. (2006)
Base-stacking and base-pairing contributions into thermal stability of
the DNA double helix. Nucleic Acids Res., 34, 564–574.
35. Qi,Z., Redding,S., Lee,J.Y., Gibb,B., Kwon,Y., Niu,H., Gaines,W.A.,
Sung,P. and Greene,E.C. (2015) DNA Sequence alignment by
microhomology sampling during homologous recombination. Cell,
160, 856–869.
36. Vlassakis,J., Feinstein,E., Yang,D., Tilloy,A., Weiller,D.,
Kates-Harbeck,J., Coljee,V. and Prentiss,M. (2013) Tension on
dsDNA bound to ssDNA-RecA filaments may play an important role
in driving efficient and accurate homology recognition and strand
exchange. Phys. Rev. E, 87, 032702.
37. Ragunathan,K., Joo,C. and Ha,T. (2011) Real time observation of
strand exchange reaction with high spatiotemporal resolution.
Structure, 19, 1064–1073.
38. Rosselli,W. and Stasiak,A. (1991) The ATPase activity of RecA is
needed to push the DNA strand exchange through heterologous
regions. EMBO J., 10, 4391–4396.
39. Elez,M., Radman,M. and Matic,I. (2012) Stoichiometry of MutS and
MutL at unrepaired mismatches in vivo suggests a mechanism of
repair. Nucleic Acids Res., 40, 3929–3938.
40. Elez,M., Radman,M. and Matic,I. (2007) The frequency and
structure of recombinant products is determined by the cellular level
of MutL. Proc. Natl. Acad. Sci. U.S.A., 104, 8935–8940.
41. Iyer,R.R., Pluciennik,A., Burdett,V. and Modrich,P.L. (2006) DNA
mismatch repair: functions and mechanisms. Chem. Rev., 106,
302–323.
42. Jiricny,J. (2013) Postreplicative mismatch repair. Cold Spring Harb.
Persp. Biol., 5, a012633.
43. Acharya,S., Foster,P.L., Brooks,P. and Fishel,R. (2003) The
coordinated functions of the E-coli MutS and MutL proteins in
mismatch repair.Mol. Cell, 12, 233–246.
